Thermal stressors such as low and high ambient temperature elicit an abundance of neuroendocrine responses including activation of the hypothalamo-pituitary-adrenal (HPA) axis and arginine vasopressin (AVP) release. The exposure to heat is a particularly interesting model for studying AVP action because this kind of stressor represents not only an unpleasant experience but also a threat to osmotic homeostasis. As AVP has long been recognized as a hormone involved in the modulation of HPA axis activity, the aim of this study was to elucidate the role of AVP in acutely heat-exposed rats using Nelivaptan, a selective vasopressin 1b receptor (V1bR) antagonist. Rats were exposed to high ambient temperature (38°C) for 60min. The circulating hormones were determined by ELISA or chemiluminescence, and intrapituitary adrenocorticotropic hormone (ACTH) and V1bR level were determined by western blot. The results obtained show that V1bR blockade negatively affected the increase in blood ACTH caused by heat exposure. This treatment alone, or in combination with Nelivaptan, decreased intrapituitary V1bR levels while circulating AVP concentration was increased under the same conditions. Furthermore, a strong correlation was observed between blood ACTH and corticosterone concentration. In conclusion, our results directly confirm the positive role of AVP in the regulation of ACTH secretion from the pituitary in animals exposed to heat. Moreover, the results suggest that AVP from the general circulation influences pituitary V1bR.
INTRODUCTION
The hormonal response to a stressor has been considered as a mechanism to maintain homeostasis after an unpleasant physical or psychological experience. Previous results have revealed that thermal stressors, such as low or high ambient temperature, classified as physical stressors (Kvetnansky et al., 2009) , elicit an abundance of neuroendocrine responses including activation of the hypothalamo-pituitary-adrenal (HPA) axis and arginine vasopressin (AVP) release (Aguilera, 1994; Featherby and Lawrence, 2004; Jasnic et al., 2010; Koko et al., 2006; Perčinić-Popovska et al., 2011) . It was shown that several brain nuclei are involved in the integration and triggering of this response, with hypothalamic centers playing the pivotal role (Baffi and Palkovits, 2000; Dayas et al., 2001; Herman et al., 2005) . The beginning of the cascade of events, leading to HPA axis activation, may lie in the brainstem catecholaminergic nuclei or limbic brain structures, depending on the nature of the stressor (Herman and Cullinan, 1997) . Although the corticotropinreleasing hormone (CRH) is considered to be the major regulator of corticotroph activity, it is now accepted that the next step in triggering the HPA axis response is the secretion of not only CRH but also AVP. They further act in synergy to stimulate adrenocorticotropic hormone (ACTH) release (Aguilera, 1994; Aguilera and Rabadan-Diehl, 2000; Donald and Wittert, 1994) . However, the pattern of CRH, AVP and ACTH secretion varies with the type and duration of the stressor (Donald and Wittert, 1994) .
In the mammalian brain, AVP is primarily synthesized within the magnocellular regions of the hypothalamus [the supraoptic nucleus and magnocellular neurons of the paraventricular nucleus (mPVN)] and also within the parvocellular neurons of the PVN (pPVN) (Roberts et al., 2011) . According to Aguilera and Rabadan-Diehl (Aguilera and Rabadan-Diehl, 2000) , AVP expression and secretion from the pPVN may be independent of the osmotic status, being increased during stress and involved in the regulation of HPA axis activity. In contrast, data regarding AVP of magnocellular origins are still controversial. While some authors consider that magnocellular AVP is responsible exclusively for water conservation and/or blood pressure regulation (Stricker and Sved, 2002) , others believe that this AVP may also act as secretagogue for ACTH, reaching the anterior pituitary via several vascular pathways (Engelmann et al., 2004) . Three G protein-coupled receptors, which specifically recognize AVP, have been described and named V1a, V1b and V2, with V1b (also called V3) located mainly on the corticotroph surface and involved in ACTH secretion (Hernando et al., 2001; Maybauer et al., 2008; Thibonnier et al., 1997) . In contrast, V2 receptors are involved in osmotic homeostasis maintenance, while the cardiovascular effects of AVP are mediated through the activation of V1a receptors (Maybauer et al., 2008; Warne et al., 2002) . It seems that stress regulates pituitary V1b receptor expression, increasing the corticotropin-releasing activity of AVP (de Goeij et al., 1992; Rabadan-Diehl et al., 1995) . Because of a lack of selective V1b receptor ligands (agonists/antagonists), the V1b receptor is still poorly characterized and the precise effects of AVP via central and peripheral V1b receptor activation remain to be elucidated. Given that animals lacking V1b receptors display behavioral alterations, including reduced aggression and social memory (Hernando et al., 2001; Lolait et al., 2000) , Nelivaptan (codenamed SSR149415) was developed as the first selective, non-peptide and orally applicable V1b receptor antagonist with anxiolytic-like properties. The drug entered clinical trial for anxiety and depression treatment (Serradeil-Le Gal et al., 2005) , but in July 2008, SanofiAventis announced that further development of this drug was halted (Kirchhoff et al., 2009) . Still, Nelivaptan remains available for conducting experiments on animals as a potent and highly selective V1b receptor antagonist (Serradeil-Le Gal et al., 2002) .
That said, and owing to the lack of data regarding the control of the HPA axis activation under the influence of heat, our goal was to examine the role of AVP in HPA axis activity in acutely (1h) heat-exposed rats using Nelivaptan. Heat stress is a particularly interesting model for studying AVP as this kind of stress represents not only an unpleasant experience but also a threat to osmotic homeostasis.
MATERIALS AND METHODS
Animal handling and treatments were carried out in accordance with the Serbian animal protection law and approved by the Ethical Committee of the University of Belgrade Faculty of Biology (approval no. EK-BF-2010/011). The work described in this article was carried out in accordance with the EU Directive 2010/63/EU for animal experiments, and the uniform requirements for manuscripts submitted to biomedical journals.
Experimental design
Male Wistar rats, Rattus norvegicus (Berkenhout 1769), weighing 220±20g were used for the experiments. They were caged in groups of two for at least 1week before the procedures were conducted. The animals were acclimated to 22±1°C, synchronized to a 12h:12h light:dark regime with lights on at 06:00h and off at 18:00h, with free access to commercial rat food (Veterinary Institute, Subotica, Serbia) and tapwater. The rats were randomly divided into five groups (control, vehicle, Nelivaptan, heat, Nelivaptan + heat), each consisting of six animals. In order to avoid day-night variations in the concentrations of the measured hormones, all experiments were performed between 08:00h and 10:00h. While the control rats were left undisturbed in the housing facility, rats exposed to heat were transferred into a temperature chamber at +38°C (Sutjeska, Belgrade, Serbia) for a period of 1h. The animals from the vehicle and Nelivaptan groups received intraperitoneal (i.p.) injection of the vehicle (1mlkg ; stock concentration 5mgml -1 ), 30min before being exposed to heat (+38°C) for 1h. The decision regarding Nelivaptan dosage and its administration time was made on the basis of previously published data (Ramos et al., 2006; Serradeil-Le Gal et al., 2002) . Before and immediately after the treatment, body mass and rectal temperature were measured.
The animals were decapitated with a guillotine (Harvard-Apparatus, Holliston, MA, USA) without anesthesia immediately after the last stress exposure (heat, Nelivaptan + heat), or 90mins after i.p. injection was received (vehicle, Nelivaptan). The heads were plunged into the iced water and the blood, collected from the trunk, was divided into two sets of tubes, with EDTA added to obtain plasma.
Biochemical methods
Serum and plasma were frozen at -80°C until ACTH, AVP and corticosterone (CORT) determination. The plasma ACTH concentration was determined by a chemiluminescence method using an IMMULITE automatic analyzer (DPC, Los Angeles, CA, USA), while serum AVP concentration was measured by commercially available ELISA test (Peninsula Laboratories, LLC, San Carlos, CA, USA). The results were presented as pg ACTHml -1 plasma or pg AVPml -1 serum. Serum corticosterone levels were determined by EIA kit (Immunodiagnostic Systems, Boldon, UK) and the values were expressed as ng CORTml -1 serum.
Western blot analysis
The pituitary glands were promptly dissected, weighed and homogenized in protein isolation buffer containing 1.5moll -1 NaCl, 10% Triton X-100, 0.5moll -1 Tris-HCl (pH7.5), 10% SDS and a cocktail of protease inhibitors (Roche, Basel, Switzerland). After homogenization, the samples were sonicated (3× 10s) and centrifuged for 25min at 14,000r.p.m. The total protein concentration was determined using the method described by Lowry and co-workers (Lowry et al., 1951) . The intrapituitary ACTH and V1bR concentration was determined by western blot analysis (Burnette, 1981) . The samples containing 2mgml -1 of total protein were added to an equal volume of Laemmli buffer with 2-mercaptoethanol (200:5, v.v.) . After denaturation by boiling at 100°C for 5 min, the samples were separated on a 20% (for ACTH) or 12% (for V1bR) polyacrilamide gel (120V, Criterion Cell, BioRad, Hercules, CA, USA) and electrotransferred (overnight, 20mA per gel, Criterion blotter, Bio-Rad) onto 0.45mm polyvinylidene difluoride (PVDF) membranes. Subsequent to the transfer of proteins, membranes were blocked for 3h in 5% non-fat dry milk powder (Santa Cruz Biotechnology, Heidelberg, Germany) in Trisbuffered saline containing 0.1% Tween 20 (TBST). After that, the blots were incubated with primary antibody (ACTH, rabbit monoclonal, 1:4000, kindly provided by Dr A. F. Parlow, National Institute of Diabetes and Digestive and Kidney Diseases, National Hormone and Peptide Program, Torrance, CA, USA; V1bR, rabbit polyclonal, 1:1000, sc-30026, Santa Cruz Biotechnology), and thoroughly washed in TBST before a 1h incubation with horseradish peroxidase-conjugated secondary goat anti-rabbit polyclonal antibody (1:5000, ab6721 Abcam, Cambridge, UK). After washing in TBST, the membranes were incubated with the enhanced chemiluminescence (ECL) plus detection system (Amersham, Bucks, UK) for 5min. Excess ECL plus solution was then removed, and the immunoreactive bands were detected in the dark chamber. The intensity of signals was evaluated by the Image Quant program (Molecular Dynamics, Amersham Biosciences) and calculated as the number of arbitrary units (a.u.)mg -1 of total protein. Those results were then recalculated and the specific protein content of all groups was expressed relative to the control group value on the graphs.
Statistical analysis
Data were statistically evaluated by two-way analysis of variance (ANOVA), using GraphPad Prism (Version 4.03) software. A Bonferroni multiple comparison test was performed when ANOVA was significant. The values were presented as the means ± s.e.m. of six animals and the level of significance was set at P<0.05.
RESULTS
Table1 reveals that acute exposure to heat (+38°C for 1h) induced a significant increase in rectal temperature, regardless of previous administration of the V1bR antagonist Nelivaptan. However, when animals were not exposed to high ambient temperature, their rectal temperature remained unchanged.
As far as the body mass is concerned, it can be seen (Fig.1 ) that exposure to high ambient temperature caused a significant decrease, regardless of pretreatment with Nelivaptan (compare heat and Nelivaptan + heat with control). Fig.2 shows that all the performed treatments led to a significant depletion of ACTH from the pituitary gland, as compared with the intact controls. Additionally, it can be seen that heat exposure alone had the strongest effect. In contrast, in animals pretreated with Nelivaptan and then exposed to heat, ACTH content of the pituitary gland was higher than that in animals exposed to heat alone.
Heat stress caused a significant increase in blood ACTH concentration (Fig.3 ) in comparison to the control values. In contrast, vehicle or Nelivaptan application did not change ACTH level. When animals were pretreated with Nelivaptan, heat stress led to an increase in the circulating ACTH level, but this was less prominent than that in animals exposed to heat only. Fig.4 reveals that changes occurring in the circulating CORT concentrations were mainly similar to those of the circulating ACTH. Namely, heat stress also caused a significant increase in circulatory CORT concentrations compared with the control, while vehicle or Nelivaptan did not affect its circulatory level. Although heat stress caused an increase in circulatory CORT concentration in animals pretreated with Nelivaptan, its level was not statistically different from that obtained for animals exposed to heat stress alone; however, in the Nelivaptan-pretreated group of animals, CORT levels tended to decrease compared with the heat stress group.
Regarding the pituitary V1bR (Fig.5 ), all treatments, except for vehicle administration, caused levels to decrease (compare heat with control, Nelivaptan with vehicle, and Nelivaptan + heat with heat alone).
The Journal of Experimental Biology 216 (12) Fig.6 shows that under the influence of heat, Nelivaptan, or heat + Nelivaptan combined, AVP blood concentration was increased compared with control. In contrast, vehicle administration did not affect the circulatory AVP concentration.
DISCUSSION
In the present study, we used the V1bR antagonist Nelivaptan in order to reveal the influence of AVP on HPA axis activity in animals exposed to high ambient temperature. The results obtained show the significant correlation between V1bR activity and ACTH secretion. Both our previously published results and our present ones suggest that AVP from the general circulation affected hypothalamic V1bR.
In our present study, rectal temperature increased as expected when animals were exposed to high ambient temperature, supporting the previous results that 1h exposure to the chosen temperature (+38°C) represents a strong enough stressor to cause an imbalance of thermal homeostasis (Djordjević et al., 2003) . Moreover, the decrease in body mass of animals exposed to heat (Fig.1 ) implies that these animals lost a considerable amount of water. It is well known that in conditions of elevated ambient temperature, rats must activate all mechanisms, including characteristic behavior to prevent the elevation of body temperature, to maintain or regain thermal homeostasis. Thus, intense salivation was accompanied by excessive body licking and saliva spreading, presumably to enhance evaporation, and thus induce heat loss and lower the body temperature. As a result of coping with increased ambient temperature and the consequent water loss, the body mass and the rectal temperature changed in the manner described above.
On the basis of the aforementioned results and those concerning the blood vasopressin concentration (Fig.6) , it can be concluded that water loss led to the osmotic imbalance, which triggered C o n t r o l V e h i c l e N e l i v a p t a n H e a t N e l i v a p t a n + h e a t † Fig.2 . The pituitary adrenocorticotropic hormone (ACTH) content (relative to control group) in control animals, and animals treated with vehicle or Nelivaptan, exposed to heat or treated with Nelivaptan prior to heat exposure. An asterisk indicates a significant difference between the control and treated group of animals, while a dagger indicates a significant difference between treated groups. Values are means ± s.e.m. of six animals. The results of the western blot for ACTH are presented above each bar. The HPA axis activity during heat stress vasopressin secretion in order to re-establish homeostasis (Fig.7) . However, it still does not explain the elevated blood AVP concentration in animals treated with Nelivaptan only. Given that Nelivaptan blocks the action of AVP through activation of V1b receptors, mostly present in the pituitary and brain, it is reasonable to assume that the obtained increase in blood AVP concentration might result from the lack of its physiological action. In contrast to previously obtained results regarding the ability of circulating AVP to act on V1bR (Engelmann et al., 2004; Plotsky, 1991) , our present results, and those published before (Jasnic et al., 2010) , indicate that AVP, secreted into the general circulation, reaches the V1bR in concentrations sufficient for physiological action (Fig.7) .
It is also noteworthy that we have observed a correlation between the elevated blood AVP concentration (Fig.6 ) and decreased V1bR amount in the pituitary gland (Fig.5) . It should be mentioned that out of the four AVP/oxytocin (OT) receptor subtypes cloned so far, the V1bR is still poorly described because of its limited and sparse C o n t r o l V e h i c l e N e l i v a p t a n H e a t N e l i v a p t a n + h e a t C o n t r o l V e h i c l e N e l i v a p t a n H e a t N e l i v a p t a n + h e a t expression, and because of the lack of a V1bR agonist or antagonist. However, the reason for the observed correlation could be the fact that V1bR belongs to A-type receptors, undergoing dynamic
The Journal of Experimental Biology 216 (12) endocytosis and rapid recycling (30min) upon agonist stimulation (Serradeil-Le Gal et al., 2007) . Other receptors, such as V1aR, β-adrenergic and opiate recpetors, also belong to this class, in contrast to V2R, a member of B-type receptors, which is also internalized, but is recycled more slowly (2h) and is mainly degraded in the lysosomal compartment (Bouley et al., 2005) . Although SerradeilLe Gal and co-workers (Serradeil-Le Gal et al., 2007) reported a protective role of Nelivaptan on V1bR internalization, our results did not show this tendency likely due to the different animal model (human/mouse versus rat) or methodological approach (in vitro versus in vivo) . Additional experiments are needed in order to answer this question.
As Fig.7 depicts, in terms of physiological function, the pituitary V1bR is mostly involved in the stimulating effect of AVP on ACTH secretion, thus controlling the stress response (Aguilera and Rabadan-Diehl, 2000) . For this reason, we measured the ACTH concentration both in the pituitary gland and in the circulation. It was previously shown that, in vivo, Nelivaptan interacts with the rat pituitary V1bR, inhibiting the increased ACTH secretion caused by various stimulants (Ramos et al., 2006; Serradeil-Le Gal et al., 2002) . However, so far no evidence has been reported on the effect of Nelivaptan on ACTH release in animals exposed to heat stress, a physical stressor accompanied by disturbed osmotic homeostasis. Predictably, the circulating ACTH levels were elevated in animals exposed to heat stress, regardless of the presence of Nelivaptan, while vehicle or Nelivaptan administration did not significantly influence the plasma concentration of this hormone (Fig.3) . At the same time, pituitary ACTH levels decreased compared with the control animals, suggesting that all the treatments applied represent a kind of stressor of different intensity. It is very important to emphasize that the increase in circulating ACTH concentration was significantly attenuated in animals that were pretreated with Nelivaptan before heat exposure compared with those exposed to heat only (Fig.3) . This is direct proof of the influence of AVP on HPA activity in animals exposed to high ambient temperature.
Finally, it can be observed ( Fig.4 ) that blood CORT concentration corresponded well with that of ACTH, showing a less prominent increase (although insignificant) in animals pretreated with Nelivaptan before exposure to heat in comparison to those exposed to heat only.
In conclusion, our results show a negative correlation between the action of Nelivaptan and ACTH secretion in animals exposed to heat stress, thus directly confirming the role of AVP in the regulation of HPA activity in these animals. Moreover, the results suggest that AVP from the general circulation influences hypothalamic V1bR, given that AVP concentration was increased when V1bRs were blocked. This represents the main pathway of AVP action on water retention under both resting and stress conditions. In contrast, there are at least three proposed pathways for AVP to reach the corticotrophs in the anterior pituitary (AP). In the first (1), parvocellular neurones of the PVN (pPVN) project to the zona externa of the median eminence and secrete corticotropin-releasing hormone (CRH) as well as AVP into the long portal vessels. This pathway constitutes the central neuro-endocrine part of the HPA axis, being active under both resting and stress conditions. Reaching the corticotrophs, CRH and AVP synergistically trigger the release of ACTH. In the second (2), during the heat stress, AVP is released from axon terminals in the PP into short portal vessels, which connect the AP and PP. Finally (3), it is proposed that AVP secreted during stress from the PP into the general blood circulation could also reach the corticotrophs. Elevated blood ACTH concentration during heat stress positively affects not only adrenal glucocorticoid but mineralocorticoid production as well. Together with elevated AVP blood concentration, mineralocorticoids additionally help to prevent excessive water loss, given that aldosterone also stimulates water retention. As CRH is identified as the main ACTH secretagogue, V1bR blockade does not abolish but rather attenuates the pituitary ACTH secretion (by about 15%, according to our results).
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